Developing analytical methods for solving fractional partial differential equations (FPDEs) is an active area of research. Especially finding exact solutions of FPDEs is a challenging task. In the present paper we extend Sumudu transform iterative method (STIM) to solve a variety of time and space FPDEs as well as systems of them. We demonstrate the utility of the method by finding exact solutions to a large number of FPDEs.
Introduction
Nonlinear fractional partial differential equations (FPDEs) play important role in science and technology as they describe various nonlinear phenomena especially dealing with memory. To obtain physical information and deeper insights into the physical aspects of the problems one has to find their exact solutions which usually is a difficult task. For solving linear FPDEs, integral transform methods are extended successfully [1] . Various decomposition methods have been developed for solving the linear and nonlinear FPDEs such as Adomian decomposition method (ADM) [2] , Homotopy perturbation method (HPM) [3] , Daftardar-Gejji and Jafari method (DGJM) [4] , the variational iteration method (VIM) [5] and so on. Further, combinations of integral transforms and decomposition methods have proven to be useful. A combination of Laplace transform and DGJM (Iterative Laplace transform method (ILTM)) has been developed by Jafari et al [6] . A combination of HPM and Sumudu transform yields homotopy perturbation Sumudu transform method (HPSTM) [7] . Similarly, a combination of Sumudu transform and ADM termed as Sumudu decomposition method (SDM) has been de-veloped [8] . Recently, Sumudu transform iterative method (STIM) which is a combination of Sumudu transform and DGJM has been introduced and applied for solving time-fractional Cauchy reaction-diffusion equation [9] . Further, a fractional model of nonlinear Zakharov-Kuznetsov equations also have been solved using STIM [10] .
In this paper we extend STIM to solve time and space FPDEs as well as systems of them. A variety of problems have been solved using STIM. In some cases, the STIM yields an exact solutions of the time and space FPDEs as well as systems of them which can be expressed in terms of the well-known Mittag-Leffler functions or fractional trigonometric functions.
The organization of this paper as follows: In section 2, we give basic definitions related to fractional calculus and Sumudu transform. In section 3, we extend STIM for time and space FPDEs. In section 4, we apply extended STIM to solve various time and space FPDEs. Further, in section 5 we extend STIM for system of time and space FPDEs. In section 6, we apply extended STIM for system of time and space FPDEs. Conclusions are summarized in section 7.
Preliminaries and Notations
In this section, we give some basic definitions, notations and properties of the fractional calculus ( [1, 11] ), which are used further in this paper. 
Definition 2.2 Caputo derivative of order α > 0 (n − 1 < α < n), n ∈ N of a real valued function f (t) is defined as
ds n ds, n − 1 < α < n,
Note:
1.
dt α = 0, where C is a constant.
2. For ⌈α⌉ = n, n ∈ N, d α t p dt α : = 0, if p ∈ 0, 1, 2, ..., n − 1,
Γ(p−α+1) t p−α , if p ∈ N and p ≥ n, or p = N and p > n − 1.
Definition 2.3 Riemann-Liouville time-fractional integral of order α > 0, of a real valued function u(x, t) is defined as
Definition 2.4 The Caputo time-fractional derivative operator of order α > 0 (m − 1 < α < m), n ∈ N of a real valued function u(x, t) is defined as
Similarly, the Caputo space-fractional derivative operator
Note that: In the present paper fractional derivative
∂x lβ , l ∈ N is taken as the sequential fractional derivative [12] i.e.
Definition 2.5 Mittag-Leffler function with two parameters α and β is defined as
Note that:
2. Generalized fractional trigonometric functions for ⌈α⌉ = n are defined as [13] cos α (λt
3. The Caputo derivative of fractional trigonometric functions are defined as
Definition 2.6 [14] The Sumudu transform over the set of functions
One of the basic property of Sumudu transform is
Sumudu inverse transform of ω α is defined as
, α > 0.
Definition 2.7 [15] The Sumudu transform of Caputo time-fractional derivative of f (x, t) of order γ > 0 is defined as
3 STIM for time and space FPDEs
In this section, we extend STIM [9] for solving time and space FPDEs. We consider the following general time and space FPDE:
along with the initial conditions
where F x, u,
is a linear/nonlinear operator and u = u(x, t) is the unknown function.
Taking the Sumudu transform of both sides of Eq. (15) and simplifying, we get
The inverse Sumudu transform of Eq. (17) leads to
Eq. (18) can be written as
where
here f is known function and N is a linear/nonlinear operator. Functional equations of the form (19) can be solved by the DGJ decomposition method introduced by Daftardar-Gejji and Jafari [4] . DGJM represents the solution as an infinite series:
where the terms u i are calculated recursively. The operator N can be decomposed as
We define the recurrence relation as follows:
The r-term approximate solution of Eqns. (15) (16) is given by u ≈ u 0 + u 1 + · · · + u r−1 . For the convergence of DGJM we refer the reader to [16] .
Illustrative Examples
In this section, we solve various linear and nonlinear time and space FPDEs using STIM derived in 3. 
along with the initial condition
Taking the Sumudu transform of both sides of Eq. (26)
Using the property of Sumudu transform (14)
Taking the inverse Sumudu transform of both sides of Eq. (29)
In view of the recurrence relation (25), we get
Hence, the series form solution of Eqns. (26-27) is given by
which converges to
Example 4.2 Consider the following time and space linear fractional diffusion equation:
Taking the Sumudu transform of both sides of Eq. (34), we get
Using the property of Sumudu transform (14), we get
Taking the inverse Sumudu transform of both sides of Eq. (37)
Using the recurrence relation (25), we get
,
Hence, we obtain the exact solution of Eqns. (34-35 as
Example 4.3 Consider the following time and space fractional equation
Taking the Sumudu transform of both sides of Eq. (41), we get
Now taking the inverse Sumudu transform of both sides of Eq. (44) u
Using the recurrence relation (25)
Hence, the series solution of Eq. (41) along with the initial condition (42) is given by
This leads to the following closed form solution:
which is the same as obtained in [17] . 
with the initial condition
Taking the Sumudu transform of both sides of Eq. (49), we get
Now using the recurrence relation (25)
Hence, the solution turns out to be:
Example 4.5 Consider the following time and space fractional thin film equation
Taking the Sumudu transform of both sides of Eq. (54), we get
After simplification, we get
. (57) In view of the recurrence relation (25),
Hence, we obtain the exact solution of Eqns. (54-55) as
Example 4.6 Consider the following time and space fractional dispersive Boussinesq equation
Taking the Sumudu transform of both sides of Eq. (60), we get
Using the property of Sumudu transform, we get
Taking the inverse Sumudu transform of both sides of Eq. (63)
Similarly,
Hence, the series solution of Eqns (60-61) is given by
which is equivalent to the following closed form solution:
where δ = (6a(ζ − 5µ) − 1).
Example 4.7 Consider the following general time space fractional diffusionconvection equation
where f, g are the functions of u. Here we consider some particular cases Case 1: Let f (u) = u, g(u) = k 1 = constant then Eq. (70) reduces to
Taking the Sumudu transform of both sides of Eq. (71), we get
Using the property of Sumudu transform
Taking inverse Sumudu tranform of both sides of Eq. (74)
Hence, the exact solution of (71-72) is given by
Case 2: Let f (u) = ηu and g(u) = 
Taking the Sumudu transform of both sides of Eq.(78)
Taking inverse Sumudu transform of both sides of Eq.(81)
Hence, the series solution of Eqns. (78-79) is given by
which is equivalent to the following closed from
STIM for system of time and space FPDEs
In this section we extend STIM to solve system of time and space fractional PDEs.
Consider the following system of time and space FPDEs:
along with the initial conditions 
The inverse Sumudu transform of Eq. (88) yields the following system of equations
Eq. (89) is of the following form
Here f i is known function and M i is a linear/nonlinear operator. Functional equations of the form (90) can be solved by the DGJ decomposition method introduced by Daftardar-Gejji and Jafari [4] . DGJM represents the solution as an infinite series:
where the terms u (j)
i are calculated recursively. Note that: Hence forward we use the following abbreviations:
The operator M i can be decomposed as:
Therefore,
Using Eqns. (92,95) in Eq. (90), we get
We define the recurrence relation as follows: 
Illustrative Examples
In this section we solve system of time and space FPDEs using STIM derived in 5.
Example 6.1 Consider the following system of time and space fractional Boussinesq PDEs (t > 0, 0 < α 1 , α 2 , β ≤ 1):
along with the following initial conditions
Taking the Sumudu transform of both sides of Eqns.(98)
In view of (14), we get
Taking the inverse Sumudu transform of both sides of Eqns. (101)
The recurrence relation (97) yields
Hence, the exact solution of the system(98) along with the initial conditions (99) is given by
In case of when a = e, b = 2 and c = 3/2, this solution is same as obtained using invariant subspace method in [18] .
Example 6.2 Consider the following two-coupled time and space fractional diffusion system
where µ, ξ, η, ζ, δ are arbitrary constants, µ and ξ are not simultaneously zero, we consider ξ = −2µλ 2 , ζ = ηκ 2 , along with the initial conditions
Taking the Sumudu transform on both sides of Eqns.(105)
After using the property of Sumudu transform (14) we get,
(108) Taking the inverse Sumudu transform
Using the recurrence relation (97), we get
Hence, the series solution of two-coupled time and space fractional diffusion system (105-106) is given by
These series solutions converge to:
Example 6.3 Consider the following two-coupled time and space fractional PDE:
here η, ζ, δ, τ all are arbitrary constants, η and ζ are not simultaneously zero (taking ζ = −2η), along with the initial conditions
Taking the Sumudu transform of both sides of Eqns. (115)
After using the property of Sumudu transform(14), we get
Taking the inverse Sumudu transform of both sides of Eqns. (118)
In view of the recurrence relation (97)
Hence, the series solution of time and space fractional PDE (115) along with the initial conditions (116) is given by
− bδE β (−x β )t 4α Γ(4α + 1) + bτ 3 E β (−x β )t 4α Γ(4α + 1) − bτ 2 E β (−x β )t 4α Γ(4α + 1)
+ bτ E β (−x β )t 4α Γ(4α + 1) − bE β (−x β )t 4α Γ(4α + 1) + dτ 4 E β (−x β )t 4α Γ(4α + 1) + · · · .
The compact form solution of the time and space fractional system (115-116) is u 1 (x, t) = bE α (−t α )E β (−x β ),
Note that for α = β = 1 solutions (123) matches with as discussed in [19] . 
In view of the recurrence relation (97) 
Conclusions
Sumudu transform iterative method is developed by combining Sumudu transform and DGJM [4] . This approach is suitable for getting exact solutions of time and space FPDEs and as well as systems of them. We demonstrate its applicability by solving a large number of non-trivial examples. Although combinations of Sumudu transform with other decomposition methods such as HPM and ADM have been proposed in the literature [7, 8] , the combination of Sumudu transform with DGJM gives better and more efficient method as we do not need to construct homotopy or find Adomian polynomials.
